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This investigation evaluates spatial relationships between summer (July) groundwater temperatures and
Fe(II)/Fe(III) biogeochemical cycling over a ﬁve year period in a shallow pristine sand aquifer at Meilleurs
Bay near Deep River, Ontario, Canada. A warm subsurface thermal island of 12.5e16.1 C, compared to
background conditions of 10e11 C, was manifest in contour maps of average groundwater temperature
over the study period. The warm zone coincided with an area of convergent groundwater ﬂow, impli-
cating horizontal heat transfer by advective convection as the reason for elevated temperatures. Addi-
tionally, high concentrations of dissolved Fe(II) and Fe(III) overlapped the warm thermal island,
indicative of increased rates of bacterial Fe(II)-oxidation and Fe(III)-reduction. A depletion in the modal
abundance of Fe(II)-bearing minerals, notably amphibole and biotite, inside the area of the warm thermal
island was also observed, suggesting enhanced mineral dissolution owing to chemoautotrophic Fe(II)-
oxidation coupled to the reduction and ﬁxation of dissolved inorganic carbon as biomass. Throughout
the aquifer, redox conditions were poised in terms of Eh and pH close to equilibrium with respect to the
Fe(II)/Fe(OH)3 couple, feasibly enabling simultaneous bacterial Fe(II)-oxidation and Fe(III)-reduction with
an adequate supply of electron acceptors and donors, respectively. The signiﬁcance of higher ground-
water temperature as a determinant of elevated dissolved Fe(II) and Fe(III) concentrations induced by
thermal intensiﬁcation of microbial biogeochemical activities yielded Pearson product-moment corre-
lations in which temperature alone, as a single independent variable, explains almost 30 to nearly 60
percent of the variation in the measured dissolved Fe(II) and Fe(III) concentrations in the groundwater.
These results emphasize the important inﬂuence of thermal conditions on biogeochemical processes in
aquifers coupled to the development of steep gradients in groundwater quality over short distances in
shallow unconﬁned groundwater systems.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The importance of groundwater systems as the most critical
reservoir of freshwater storage on Earth cannot be understated
(Taylor et al., 2013; Gleeson et al., 2015). On a global scale,
groundwater is estimated to provide 36% of potable drinking water,
42% of irrigation water for agriculture, and 24% of direct-use in-
dustrial water; collectively, these groundwater withdrawals are
estimated to be on the order of 900 km3 per year (Foster et al.,
2013). Most extractions are taken from recently recharged
groundwater sources less than 50 years old, which are considered
to be the most sensitive and vulnerable to anthropogenicis).
Ltd. This is an open access article ucontamination and climate change (Gleeson et al., 2015; Taylor
et al., 2013). Of particular concern is the prospect of global warm-
ing and increasing air temperatures bringing about warming in the
shallow subsurface thereby affecting biogeochemical processes
and, consequently, groundwater quality (Taylor and Stefan, 2009;
Kurylyk et al., 2014; Menberg et al., 2014).
The acquisition of solutes and geochemical evolution of
groundwater is determined foremost by the weathering rates of
minerals along subsurface ﬂow paths (Wilson, 2004; Glynn and
Plummer, 2005). The kinetics of these reactions and their impact
on groundwater quality are subject not only to acceleration by
increasing temperature, but also a wide assortment of physical,
chemical, and biological inﬂuences (Kump et al., 2000). Reduction-
oxidation (redox) transformations are especially important as they
are essential for bacterial energy metabolism and biogeochemical
cycling, as well as the mobilization or immobilization of potentiallynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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inants (Groffman and Crossey, 1999; Chapelle et al., 2009; Barnes
et al., 2011; Kumar and Riyazuddin, 2012; Lin et al., 2012;
Parsons et al., 2013). Typically, solute concentrations and pH in-
crease in response to longer periods of mineral weathering as
redox conditions shift from oxidized recharge zones to more
reducing conditions with increasing distance along groundwater
ﬂow paths (Kump et al., 2000; Wilson, 2004; Glynn and Plummer,
2005; McMahon and Chapelle, 2008). Although this type of
behavior is especially pronounced in regional groundwater sys-
tems where residence times are long, local unconﬁned aquifers are
susceptible to redox transitions over much shorter distances
(<1.0 km) arising from upland recharge and discharge in adjacent
topographic lows (Mitchell and Branﬁreun, 2005; Ulanowski and
Branﬁreun, 2013).
The complex landscape of the Canadian Shield occupies nearly
one-third of the North American landmass (Shilts et al., 1987).
Shallow unconﬁned groundwater systems consisting of glacio-
ﬂuvial sands derived from reworked glacial sediments are impor-
tant hydrogeological remnants left behind on the Canadian Shield
in the aftermath of the Wisconsin glaciation and retreat of the
Laurentide ice sheet (Catto et al., 1982; Singer and Cheng, 2002;
Eyles, 2006). In some areas where their saturated thickness is
adequate, the sand units constitute productive local aquifers that
are used primarily for drinking-water supply (Montcoudiol et al.,
2015). On a regional scale, they interact hydraulically with under-
lying bedrock aquifers, as well as neighbouring peatlands, wet-
lands, and lakes (Mitchell and Branﬁreun, 2005; Ulanowski and
Branﬁreun, 2013; Richard et al., 2014). Hydrogeochemical surveys
further indicate that groundwater in these shallow sand aquifers
typically resembles recently inﬁltrated meteoric water with a
chemical signature associated with relatively short subsurface
residence times (Montcoudiol et al., 2015). Moreover, redox con-
ditions tend to be thermodynamically poised by the Fe(II)/Fe(III)
couple, implying an important biogeochemical role for Fe(II)-
oxidizing and Fe(III)-reducing bacteria in Canadian Shield hydro-
geochemical processes (Mitchell and Branﬁreun, 2005; Shirokova
and Ferris, 2013; Gault et al., 2011, 2012).
This investigation focuses on spatial relationships between
groundwater temperature and Fe(II)/Fe(III) biogeochemical cycling
in a shallow pristine Canadian Shield groundwater system
(Shirokova and Ferris, 2013). Several studies have considered the
biogeochemical impact of groundwater warming on groundwater
quality associated with urban heat islands and artiﬁcial aquifer
thermal storage systems (Bonte et al., 2013a, 2013b; Jesubek et al.,
2013; Zhu et al., 2015); however, few have been conducted on the
extent to which natural horizontal temperature variations associ-
ated with groundwater ﬂow impact biogeochemical processes,
particularly with respect to shifts in redox conditions and changing
rates of mineral weathering. As such, the main objective of this
research is to use measurements of groundwater chemistry and
temperature from a high-resolution spatial network of piezometers
for physicochemical mapping of thermal impacts on microbial
Fe(II)/Fe(III) cycling.
2. Methods
2.1. Site description
The study site is a shallow unconﬁned pristine aquifer in a small
forested catchment at Meilleurs Bay on the south bank of the
Ottawa River, approximately 10 km west of Deep River in central
Ontario, Canada (4609042.800N 7737009.500W) (Catto et al., 1982).
The mean annual temperature in the region averages 4.9 C,
ranging from 10.5 C in January to 18.4 C in July (Fu et al., 2014;Montcoudiol et al., 2015). Bedrock in the region is Precambrian in
age, consisting of faulted and fractured monzonitic gneiss that is
typical of the Grenville Province of the Canadian Shield (Carr et al.,
2000). A variety of unconsolidated sediments, predominantly
glacial till and post-glacial ﬂuvial sands, overlie bedrock in the re-
gion; in some areas thin layers of clay occur on top of the till (Singer
and Cheng, 2002; Richard et al., 2014). At the study site itself,
aquifer sands were deposited by the Ottawa River between 6000
and 11,200 years ago when the precursors of the Great Lakes
drained through the Mattawa and Ottawa Rivers (Lewis et al.,
2008). These sands grade into surface exposures of sandy washed
till and coarse gravel.
2.2. Hydrogeology and groundwater geochemistry
The aquifer was instrumented with a network of standpipe pi-
ezometers to provide repeatable, spatially consistent, measure-
ments over time. The piezometers were constructed from 2.5 cm
outer diameter PVC conduit glued to 15 cm length Solinst Model
601 perforated PVC screens ﬁtted with 60 mm polyethylene mesh
inserts. The piezometers were inserted into boreholes hand-
augered with 5.0 cm outer diameter stainless steel sand corers
(AMS). Samples of aquifer sand were collected during installation
for mineral identiﬁcation and modal abundance determinations
using X-ray diffraction and petrographic thin-sections (Klein and
Philpotts, 2013), and for grain size analyses by sieving to estimate
porosity and hydraulic conductivity (Vienken and Dietrich, 2011).
Measurements of water depth at each piezometer were done using
a Solinst 102 M water level meter.
A Solinst 410 peristaltic pump was used to recover groundwater
samples for geochemical analysis; sampling at each piezometer
was repeated annually in July from 2010 to 2015. Before sampling,
piezometers were bailed completely and allowed to recover at least
twice to remove standing water and any silt that may have
collected in the piezometer. In order to avoid contact with atmo-
spheric oxygen, groundwater was pumped into a closed 1.5 L ﬂow-
through sample cell equipped with a YSI 600 QS multi-electrode
sonde for measurement of pH, Eh, temperature, conductivity, and
dissolved oxygen. Groundwater samples were vacuum ﬁltered
immediately after sampling using 0.22 mm-pore-size membrane
ﬁlters. Concentrations of dissolved total Fe, Fe(II), and dissloved
silica were measured upon ﬁltration using a HACH DR/2500 spec-
trophotometer with FerroVer®, 1,10 phenanthroline, and heter-
opoly blue reagents (HACH), respectively. Concentrations of Fe(III)
were calculated afterwards as the difference between measured
total Fe and Fe(II) concentrations.
2.3. Data analyses
In order to assess spatial relationships between aquifer hydro-
geology and groundwater geochemistry, a series of contour maps
were constructed using Surfer 11 (Golden Software) including
water table elevation, temperature, pH, Eh, and dissolved Fe(II) and
Fe(III) concentrations, as well as mineral saturation states for
hydroxy-green rust and hydrous ferric oxide. Water table elevation
contours were used to infer groundwater ﬂow direction with in-
dicator vector lengths proportional to the slope of the water table
surface (i.e., hydraulic gradient) at their location. Statistical ana-
lyses were done using STATISTICA 6.0 (StatSoft).
Geochemical modeling was carried out using PHREEQC 3.1.4 to
determine the relative saturation state of representative Fe(II) and
Fe(III) bearingminerals taken to be plausible constituents of aquifer
sand; speciﬁcally, hydroxy-green rust Fe3O2(OH)4, grunerite
(amphibole Fe(II) end-member) Fe7Si8O22(OH)2, annite (biotite
Fe(II) end-member) KFe3AlSi3O10(OH)2, and hydrous ferric oxide
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hydroxy-green rust and grunerite were obtained from the French
Geological Survey (BRGM) PHREEQC database. Solution input pa-
rameters included measured values of temperature, pH, Eh, and
concentrations of dissolved Fe(II) and Fe(III) at each well; equilib-
rium conditions with respect to quartz SiO2, and muscovite KAl3-
Si3O10(OH)2, were assumed to provide model constraints for
dissolved silica, potassium, and aluminum; as informed by hydro-
geochemical data for shallow sand aquifers in the region
(Montcoudiol et al., 2015).Fig. 1. Contour maps with piezometer locations for (A) the water table elevation and grou
unsaturated vadose zone of the Meilleurs Bay aquifer. (D) Overlay of water table elevatio
convergent groundwater ﬂow around piezometers 3 and 50.3. Results
3.1. Groundwater ﬂow and temperature
The arrangement of piezometers in the study area is shown in
Fig. 1A along with water table elevations and vectors for the di-
rection of groundwater ﬂow. In general, groundwater ﬂows pre-
dominantly from the southeast in a northwesterly direction.
Relative groundwater velocity, as shown by the length of the ﬂow
vectors, decreases to the north and west with a pronounced area ofndwater ﬂow vectors, (B) temperature, and (C) depth to the water table through the
n and temperature showing the area of the warm groundwater zone at the point of
V.L. Shirokova et al. / Water Research 106 (2016) 604e612 607convergence in ﬂow around piezometers 3, 38, 50, 54 and 55. Grain
size analysis yielded a fairly uniform average porosity of 44.0 ± 1.1%
throughout the aquifer, with an average hydraulic conductivity of
1.4 ± 0.3  104 m/s.
The southeast to northwest ﬂow of groundwater is accompanied
by a marked increase in average temperature, paralleling a general
decrease in vadose zone thickness from almost 2.0 m depth at
piezometer 46 to less than 0.2 m at piezometers 41 and 53 (Fig. 1B
and C). At the time of groundwater sampling in July, an especially
warm thermal island exists in the vicinity of piezometer 50, posi-
tioned directly at the point of converging groundwater ﬂow (Fig. 1C
and D).
3.2. Aquifer mineralogy
The modal abundances of major mineral constituents
comprising the aquifer sand inside and outside the warm thermal
island are listed in Table 1. Overall, quartz is the most abundant
mineral, followed by plagioclase and biotite, with smaller amounts
of muscovite, feldspar, amphibole, and pyroxene. Among these,
modal abundances of quartz, muscovite, and feldspar are signiﬁ-
cantly higher inside the warm zone at p  0.10 for the mean dif-
ference. In contrast, plagioclase, biotite, and amphibole are
depleted in the warm zone; however, the decreases in modal
abundance of plagioclase and biotite are only marginally signiﬁcant
at p ¼ 0.21 and p ¼ 0.17, respectively, compared to a higher degree
of signiﬁcance for the depletion of amphibole (p ¼ 0.03). There was
no apparent difference in the modal abundance of pyroxene inside
or outside of the warm zone. Mineral identities were conﬁrmed by
XRD, as well as the presence of trace amounts of 2-line ferrihydrite
(i.e., hydrous ferric oxide).
3.3. Geochemistry
Contour maps showing 5 year (2011e2015) average July con-
centrations for dissolved Fe(II) and Fe(III) are shown in Fig. 2A and B
respectively. For both Fe(II) and Fe(III), prominent zones of elevated
concentrations are evident immediately around piezometers 3 and
50. In absolute terms, the concentrations of Fe(II) and Fe(III) ﬂuc-
tuated somewhat on a year-to-year basis over the study period
(Fig. 2C); however, the high concentration zones remained strictly
localized to the same area in the aquifer as the warmest ground-
water (compare Fig. 2A and B with Fig. 1B). Measured dissolved
silica concentrations in aquifer groundwater were 13.9 ± 0.1 mg/L.
Determination of mineral saturation indices using PHREEQC
established that aquifer groundwater, in assumed equilibriumwith
quartz and muscovite, was orders of magnitude undersaturated
(i.e., SI values < 10) with respect to amphibole and biotite Fe(II)
end-members grunerite Fe7Si8O22(OH)2 and annite KFe3Al-
Si3O10(OH)2, respectively. In contrast, saturation indices for hydrous
ferric oxide Fe(OH)3 were all supersaturated ranging fromTable 1
A comparison of modal abundances and corresponding differences for minerals in aquife
The minerals are listed in order of increasing susceptibility to weathering.
Mineral Modal abundance % (Mean ± SE)
Inside > 14.0 C (n ¼ 5) Outside < 12.5 C (n ¼ 7
Quartz 58.5 ± 4.7 52.3 ± 1.4
Muscovite 1.8 ± 0.5 1.0 ± 0.4
Feldspar 8.3 ± 3.1 4.2 ± 1.4
Plagioclase 15.5 ± 3.9 18.5 ± 1.3
Biotite 11.9 ± 1.9 15.0 ± 2.1
Amphibole 1.0 ± 0.1 6.3 ± 2.0
Pyroxene 2.3 ± 1.7 2.3 ± 0.8SI ¼ 0.2 at piezometer 44 to SI ¼ 2.4 at piezometer 3; hydroxy-
green rust Fe3O2(OH)4 saturation indices ranged from undersatu-
rated SI ¼ 0.35 at piezometer 37 to oversaturated with SI ¼ 4.6 at
piezometer 3. Contour plots for greenrust (Fig. 3A) and HFO
(Fig. 3B) SI values show that the highest degree of supersaturation
occurs in association with the highest groundwater temperatures
around piezometers 3 and 50, decreasing gradually towards the
northwest in the direction of groundwater ﬂow (Fig. 1).
A plot of average measured Eh and pH values for all of the pie-
zometers in the study area is shown in Fig. 4. Groundwater pH
varied over a relatively narrow range, from 5.6 at piezometer 33 to
6.3 at piezometer 52. Eh was lowest at piezometers 3 and 50 where
high concentrations of dissolved Fe(II) (>1.0 mg/L), and low con-
centrations of dissolved oxygen (<3.5 mg/L), were observed.
Conversely, piezometers with lower Fe(II) concentrations
(<0.05 mg/L) and high dissolved oxygen (>5.0 mg/L), for example
36 and 53, exhibited higher Eh. Collectively, the Eh and pH of all
piezometers fall within a band constrained in equilibrium ther-
modynamic terms by the Nernst equation and Fe(II)/Fe(OH)3 redox
couple with an upper boundary at the minimum Fe(II) concentra-
tion of 0.01 mg/L, and lower boundary at the maximum Fe(II)
concentration of 1.35 mg/L.
The overall dependence of dissolved Fe(II) and Fe(III) concen-
trations on pH, Eh, dissolved oxygen concentration, and tempera-
ture is quantiﬁed in Table 2 by the corresponding Pearson product-
moment correlation coefﬁcients. For both Fe(II) and Fe(III), pH and
dissolved oxygen concentrations yielded the weakest (p > 0.05)
negative correlation coefﬁcients, accounting for only 0.5 to 4.3
percent of the variance in the data. Taking natural logarithms into
account for the apparent exponential range of Fe(II) and Fe(III)
concentrations observed in the aquifer (Fig. 2C) improved the
explanation of variance somewhat, notably from 3.0 to 22.2 percent
in the case of Fe(III) and pH. Stronger negative correlations were
obtained for Fe(II) and Eh, accounting for up to 38.3 percent of the
variance, compared to only 18.8 percent of the variance for Fe(III).
Temperature was positively correlated with Fe(II) and Fe(III) con-
centrations, accounting for 29.0 and 20.1 percent of the variance,
respectively; this improved to 26.9 and 57.6 percent of the variance
for the natural logarithm of the concentrations. Inverse tempera-
ture, as informed by the Arrhenius relationship for temperature
dependence of reaction rates, yielded expected negative correla-
tions (Langmuir, 1997; Kump et al., 2000), but did not improve the
explanation of variance.4. Discussion
Thermal conditions in near-surface unconﬁned aquifer systems
are strongly inﬂuenced by convective heat transport associated
with the movement of groundwater, especially at hydraulic con-
ductivities greater than 107 m/s (Anderson, 2005; Ferguson et al.,
2006); this theoretical limit is about 3 orders of magnitude lowerr sand inside (>14 C) and outside (<12.5 C) the warm groundwater thermal island.
Difference modal abundance p value mean difference
)
6.2 0.08
0.8 0.10
4.1 0.10
3.0 0.21
3.1 0.17
5.3 0.03
0.0 0.50
Fig. 2. Contour maps with piezometer locations for dissolved concentrations of (A) Fe(II) and (B) Fe(III) in the Meilleurs Bay aquifer. (C) Line plots of July averages and corresponding
minimum/maximum range of dissolved concentrations of Fe(II) and Fe(III) measured at each piezometer in the Meilleurs Bay aquifer over the 5 year study period; values are
displayed in order of decreasing concentrations.
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for the Meilleurs Bay aquifer. The effects of convection include
density driven pore water ﬂow induced by temperature gradients,
as well as ﬂow arising from hydraulic gradients (Anderson, 2005;
Bense and Beltrami, 2007; Kurylyk et al., 2014). At the study site,
the general south to north trend of increasing groundwater tem-
perature evident in July is consistent with inﬁltration of warm
meteoric water through a progressively thinner vadose zone, along
with a slowing in groundwater ﬂow. Further intensiﬁcation of
warming and development of a localized warm thermal island in
the aquifer is assumed to arise from focused orientations of
groundwater ﬂow, as suggested in other studies on the impact of
horizontal convection and heat transfer on the occurrence ofshallow subsurface temperature anomalies (Bense and Beltrami,
2007; Zhu et al., 2015).
The signiﬁcant differences in modal mineral abundance of
aquifer sand inside and outside the warm thermal island follows a
classic weathering trend; pyroxene, amphibole, biotite, and
plagioclase are recognized as being the most susceptible to
weathering, whereas feldspars, muscovite, and quartz are more
resistant (Kump et al., 2000; Wilson, 2004). Moreover, increasing
temperature accelerates dissolution rates, which accounts for the
relative depletion of minerals susceptible to weathering compared
to more resistant mineral phases. For example, considering a
nominal temperature increase of 5 C with a 60e80 kJ/mol range of
activation energy feasible for mineral dissolution, rates would
Fig. 3. Contour plots of mineral saturation indices determined using PHREEQC for (A) hydroxy-green rust Fe3O2(OH)4 and (B) hydrous ferric oxide Fe(OH)3 at each piezometer in
the Meilleurs Bay aquifer. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. Scatterplot of average July Eh and pH values at each piezometer in the Meilleurs
Bay aquifer; redox boundary lines are shown for the thermodynamic equilibrium Eh
and pH calculated using the Nernst equation for the Fe(II)/Fe(OH)3 redox couple with
Eh0 ¼ 1065 mV; the dashed upper boundary line is for a Fe(II) concentration of
0.01 mg/L, whereas the solid lower boundary line is for a Fe(II) concentration of
1.35 mg/L.
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Kump et al., 2000). Although this investigation provides no insight
concerning the seasonal stability of the warm thermal island at the
study site, it is reasonable to suppose that many years of elevated
temperatures and increased weathering in summer account for the
observed pattern of mineral weathering in the aquifer. In terms oftime scale, the longer-term limit for such periodic forcing of tem-
perature accelerated weathering would be no more than 6 to 12 ka,
based on estimates for when the aquifer sands were deposited by
the Ottawa River, but probably much less owing to changing
climate conditions (Catto et al., 1982; Eyles, 2006; Lewis et al.,
2008).
The spatial overlap in areas of high dissolved Fe(II) and Fe(III)
concentrations with the warm thermal island is a prominent
hydrogeochemical feature of the study site. At the same time, the
relatively stationary positioning of the zones of high Fe(II)/Fe(III)
concentrations implies near steady-state advective reactive solute
transport with a tight spatiotemporal coupling between source and
sink reactions. Dissolution of Fe(II)-bearing minerals such as
amphibole and biotite, as well as bacterial reduction of Fe(III)-
oxides, constitute the most plausible sources for Fe(II), whereas
chemical and bacterial oxidation of dissolved and solid phase Fe(II)
comprise likely sources of Fe(III) (Shebolina et al., 2012; Melton
et al., 2014). Precipitation of Fe(III) as HFO, and in conjunction
with Fe(II) as green rust, represent probable sinks (Parmar et al.,
2001; Berthelin et al., 2006; Vollrath et al., 2012, 2013; Etique
et al., 2014; Ferris et al., 2016). Altogether, as a coupled biogeo-
chemical reaction network mediating Fe(II)/Fe(III) redox cycling,
these reactions are thermodynamically subject to thermal inten-
siﬁcation, which is spatially manifest in the area of the warm
thermal island (Jesubek et al., 2013; Bonte et al., 2013a, 2013b).
A previous study evaluating the taxonomic diversity and
metabolic capacity of bacteria in the Meilleurs Bay aquifer revealed
a diverse microbial community capable of cycling carbon, iron, ni-
trogen, and sulfur (Shirokova and Ferris, 2013). Operational taxo-
nomic units (OTU) with the capacity to utilize the Fe(II)/Fe(III)
redox couple were particularly well represented, including bacte-
rial species capable of using Fe(III) as a terminal electron acceptor
for anaerobic respiration and chemoautotrophs that oxidize Fe(II)
to generate energy. The strong potential for Fe(II)/Fe(III) cycling
between these two metabolic groups of bacteria is emphasized by
the observed balance in redox conditions with Eh and pH poised
Table 2
Pearson product-moment correlation coefﬁcients (R) and the percentage of explained variance (s2) for dissolved Fe(II) and Fe(III) concentrations as functions of pH, redox
potential (Eh), dissolved oxygen concentration, temperature (Celsius), and inverse temperature (Kelvin); correlations in bold italic are signiﬁcant at a level of p < 0.05.
Variable Fe(II) mg/L Fe(III) mg/L ln [Fe(II) mg/L] ln [Fe(III) mg/L]
R %s2 R %s2 R %s2 R %s2
pH 0.07 0.5 0.17 3.0 0.16 2.6 ¡0.47 22.2
Eh (mV) ¡0.62 38.2 0.43 18.8 ¡0.5 33.3 0.36 13.3
Dissolved Oxygen (mg/L) 0.21 4.3 0.11 1.3 0.36 13.0 0.33 11.2
Temperature C 0.54 29.0 0.45 20.1 0.52 26.9 0.76 57.6
1/Temperature K ¡0.54 28.7 ¡0.45 19.9 ¡0.52 26.8 ¡0.76 57.6
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This means that both Fe(III)-reduction and Fe(II)-oxidation are
energetically feasible when adequate supplies of corresponding
electron donors and acceptors simultaneously coexist; organic
matter in the case of Fe(III)-reduction, and oxygen or nitrate for
Fe(II)-oxidation (McMahon and Chapelle, 2008; Chapelle et al.,
2009; Bird et al., 2011; Melton et al., 2014; Shen et al., 2015).
Similar close associations between Fe(II)-oxidizing and Fe(III)-
reducing bacteria has been reported in other aqueous systems,
ranging from groundwater discharge zones to estuarine and lake
sediments (Roden et al., 2004; Gault et al., 2011, 2012; Lin et al.,
2012; Kato et al., 2012).
Despite the high degree of undersaturation with respect gru-
nerite and annite as representatives of Fe(II)-bearing amphibole
and biotite minerals, respectively, background groundwater con-
centrations of dissolved Fe(II) outside the warm thermal island are
quite low. The implication is that chemical dissolution rates must
be extremely slow in relation to groundwater ﬂow velocities (Kump
et al., 2000; Wilson, 2004; Glynn and Plummer, 2005). For this
reason, it is difﬁcult to imagine that even a doubling of mineral
dissolution rates with increased temperature can account for the
observed increase in Fe(II) concentrations. Instead, it is possible
that a combination of increased temperature and solid phase
chemoautotrophic bacterial Fe(II)-oxidation, with concomitant
hydrolysis and precipitation of Fe(III) as HFO, served to increase the
elementary mineral dissolution rate, in accordance with Le Cha-
tellier's principle (Langmuir, 1997). With grunerite and annite as
examples, the overall reactions are:
Grunerite
Fe7Si8O22ðOHÞ2 þ 1:75 HCO3 þ 1:75 Hþ
þ 11:5H2O/ 1:75CH2Oþ 7 FeðOHÞ3 þ 8 H4SiO4Annite
KFe3ðAlSi3ÞO10ðOHÞ2 þ 4:75 Hþ þ 0:75 HCO3
þ 7:5 H2O/ 0:75 CH2O þ 3 FeðOHÞ3 þ Kþ þ Al3þ
þ 3 H4SiO4
In these reactions, solid phase Fe(II) is consumed by metabolic
oxidation coupled to the reduction of dissolved inorganic carbon as
bicarbonate to produce biomass, expressed in general form as CH2O
(Bird et al., 2011; Melton et al., 2014); thereby enhancing mineral
dissolution. Support for this kind of reaction sequence comes from
laboratory studies documenting the solid phase oxidation of Fe(II)
in biotite by chemoautotrophic Fe(II)- oxidizing bacteria
(Shelobolina et al., 2012).
The production of Fe(III) and organic matter by Fe(II)-oxdizing
bacteria has considerable potential to beneﬁt Fe(II)-reducing bac-
teria, yielding a prospective source of electron donors and electronacceptors for anaerobic respiration (Chapelle et al., 2009; Shen
et al., 2015). This could be especially signiﬁcant under low
nutrient oligotrophic conditions in groundwater systems
(Goldscheider et al., 2006). Moreover, there is ample evidence
indicating that bacterially produced HFO is more soluble and
preferentially reduced by Fe(II)-reducing bacteria in comparison to
other more crystalline forms of Fe(III)-oxides, such as goethtite
(Bonneville et al., 2004, 2009; Langley et al., 2009; Ferris et al.,
2016). In turn, the metabolic production of dissolved Fe(II) by
Fe(II)-reducing bacteria would yield an energy source for Fe(III)-
oxidizing bacteria, effectively closing the loop on the biogeo-
chemical Fe(II)/Fe(III) redox cycle (Bird et al., 2011; Melton et al.,
2014).
A parallel indicator for the local temperature intensiﬁcation of
bacterial Fe(II)-oxidation and Fe(III)-reduction is the increased
degree of supersaturation observed for HFO and greenrust in the
vicinity of the thermal island. In a thermodynamic biogeochemical
context, these two mineral phases represent intermediate meta-
bolic products with the potential to undergo precipitation owing to
a state of supersaturation (Parmar et al., 2001; Bonneville et al.,
2004, 2005; Berthelin et al., 2006; Vollrath et al., 2012, 2013;
Etique et al., 2014; Ferris et al., 2016). If precipitation occurred at
a rate fast enough to match corresponding rates of Fe(II)-oxidation
and Fe(III)-reduction, the expectation would be for the ground-
water to be near equilibrium, rather than supersaturated. This is not
the case, suggesting that the rates of HFO and greenrust precipi-
tation are kinetically slow in comparison to bacterial Fe(II)/Fe(III)
metabolisms. The implication, in terms of the Arrhenius relation-
ship, is that abiotic HFO and greenrust precipitation rates are not as
sensitive to temperature because of lower activation energies in
comparison to bacterial Fe(II)/Fe(III) metabolic reactions (Etique
et al., 2014; Klueglein and Kappler, 2013; Vollrath et al., 2013).
Eventually, saturation states of HFO and green rust decrease, along
with dissolved Fe(II) and Fe(III) concentrations, down gradient of
the thermal island as expected for solute dispersion arising from
groundwater ﬂow.
The overall importance of higher groundwater temperature as a
determinant of elevated dissolved Fe(II) and Fe(III) concentrations
induced by thermal intensiﬁcation of microbial biogeochemical
activities is tempered somewhat by relatively moderate statistical
correlations determined for the aquifer data; however, this does
afﬁrm that a multitude of physical, chemical, and biological pro-
cesses exert a measure of inﬂuence on groundwater geochemistry
(Glynn and Plummer, 2005; Goldscheider et al., 2006; McMahon
and Chapelle, 2008; Ayuso et al., 2009; Barnes et al., 2011; Lin
et al., 2012). Even so, this does not diminish the signiﬁcance of
temperature as a critical determinant for Fe(II)/Fe(III) biogeo-
chemical cycling since, as a single independent variable, tempera-
ture alone explains almost 30 to nearly 60 percent of the variation
in the measured dissolved Fe(II) and Fe(III) concentrations in the
groundwater. Exactly how this changes at the study site over the
course of a year, from summer to winter, is not presently known
and warrants investigation. Certainly, prospects for further
V.L. Shirokova et al. / Water Research 106 (2016) 604e612 611research on how temperature inﬂuences biogeochemical processes
in shallow subsurface environments are intriguing, especially in
view of the growing body of work linking climate change and
warming surface temperatures to groundwater warming (Taylor
and Stefan, 2009; Menberg et al., 2014; Kurylyk et al., 2014).
5. Conclusion
A warm thermal island exists in the shallow glacioﬂuvial sand
aquifer at Meilleurs Bay, which can be attributed to inﬁltration of
warmmeteoric water and a localized area of converging horizontal
groundwater ﬂow. Increased temperature in the vicinity of the
warm thermal island promotes increased microbial cycling of Fe(II)
and Fe(III), thereby accelerating the weathering rates of Fe(II)-
bearing amphibole and biotite minerals, as well as contributing to
the potential precipitation of secondary minerals such as HFO and
greenrust. Understanding how these reactions respond to thermal
conditions is important for management of groundwater resources
because they are apt to play an important role in regulating the fate
and behavior of possibly toxic redox-active chemical species in
shallow aquifer systems. Furthermore, the observed meter scale of
thermal and biogeochemical spatial heterogeneity over the aquifer
emphasizes that it is important to be mindful of possible ﬂuctua-
tions and steep gradients in groundwater quality over short dis-
tances in unconﬁned aquifer systems on the Canadian Shield and
elsewhere.
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